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ABSTRACT
We have obtained multi-epoch observations of 31 O-type stars in the Carina Nebula using
the CHIRON spectrograph on the CTIO/SMARTS 1.5-m telescope. We measure their radial
velocities to 1–2 km s−1 precision and present new or updated orbital solutions for the binary
systems HD 92607, HD 93576, HDE 303312, and HDE 305536. We also compile radial ve-
locities from the literature for 32 additional O-type and evolved massive stars in the region.
The combined data set shows a mean heliocentric radial velocity of 0.6 km s−1. We calculate
a velocity dispersion of ≤ 9.1 km s−1, consistent with an unbound, substructured OB associ-
ation. The Tr 14 cluster shows a marginally significant 5 km s−1 radial velocity offset from
its neighbor Tr 16, but there are otherwise no correlations between stellar position and veloc-
ity. The O-type stars in Cr 228 and the South Pillars region have a lower velocity dispersion
than the region as a whole, supporting a model of distributed massive-star formation rather
than migration from the central clusters. We compare our stellar velocities to the Carina Neb-
ula’s molecular gas and find that Tr 14 shows a close kinematic association with the Northern
Cloud. In contrast, Tr 16 has accelerated the Southern Cloud by 10–15 km s−1, possibly trig-
gering further massive-star formation. The expansion of the surrounding H ii region is not
symmetric about the O-type stars in radial velocity space, indicating that the ionized gas is
constrained by denser material on the far side.
Key words: binaries: spectroscopic – ISM: evolution – open clusters and associations: indi-
vidual: Carina Nebula – stars: early-type – stars: kinematics and dynamics – stars: massive
1 INTRODUCTION
The Carina Nebula is one of the most dramatic star-forming re-
gions in the nearby Galaxy. It is home to more than 70 O-type
stars (Smith 2006; Gagné et al. 2011; Alexander et al. 2016), in-
cluding the defining star of the O2 spectral type (Walborn et al.
2002a), as well as three late-type hydrogen-rich Wolf-Rayet stars
(WNH stars; Smith & Conti 2008) and the remarkable luminous
blue variable η Carinae (Davidson & Humphreys 1997). The distri-
bution of these O-type and evolved massive stars is shown in Fig-
ure 1. Roughly half belong to two central clusters, Trumpler (Tr)
14 and Tr 16, while the rest are spread across an area more than
30 pc in diameter. Most of the more distributed stellar population
is found in the South Pillars, a region of active star formation to
the south of Tr 16 (Smith et al. 2000, 2010b). The combined ion-
izing radiation and stellar winds from the clustered and distributed
massive stars (Smith & Brooks 2007) has had a major impact on
their surroundings, shaping spectacular dust pillars (Smith et al.
2000, 2010b), powering a developing superbubble (Smith et al.
2000), and potentially triggering the observed ongoing star forma-
tion (Megeath et al. 1996; Smith et al. 2000; Rathborne et al. 2004;
Smith et al. 2005, 2010b). The feedback-dominated environment of
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the Carina Nebula is the closest analogue to giant starburst regions
like 30 Doradus (e.g., Doran et al. 2013).
Due to the physical extent and complex structure of the Ca-
rina Nebula, the relationships between its various clusters and
subclusters have been the subject of considerable debate. Pho-
tometric and spectroscopic surveys of the stellar populations of
Tr 14 and Tr 16 have usually placed the two clusters at a
common distance in the range 2.0 to 3.5 kpc (Feinstein et al.
1973; Walborn 1982a,b; The et al. 1980a,b; Turner & Moffat 1980;
Tapia et al. 1988; Cudworth et al. 1993; Massey & Johnson 1993;
Tovmassian et al. 1994; Tapia et al. 2003; Hur et al. 2012). Other
studies concluded that Tr 14 lies 1–2 kpc behind Tr 16 (Walborn
1973; Morrell et al. 1988) or vice versa (Carraro et al. 2004). The
smaller Tr 15 cluster likewise alternated between being considered
a foreground (Thé & Vleeming 1971) or background (Walborn
1973) cluster, until recent X-ray data revealed a stellar bridge be-
tween Tr 15 and Tr 14 (Feigelson et al. 2011). The open clus-
ter Collinder (Cr) 228 and the distributed massive stars of the
South Pillars region have been variously treated as an exten-
sion of Tr 16 (Walborn 1995; Smith & Brooks 2008), a distinct
but same-distance cluster (Herbst 1976; Turner & Moffat 1980;
Tapia et al. 1988; Tovmassian et al. 1994; Massey et al. 2001, and
see also Smith et al. 2010b and Feigelson et al. 2011), or a fore-
ground cluster (Feinstein et al. 1976; Forte 1978; Carraro & Patat
2001). The optical studies were complicated by the variable ex-
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Figure 1. The O-type and evolved massive stars in the Carina Nebula, shown over a ground-based Hα image from Smith et al. (2010a) with Galactic coordinates
overlaid for reference. Red circles are O-type stars with new CHIRON observations; we identify by name the four spectroscopic binaries with new orbital
solutions (see Section 3). Gray squares are O-type stars in version 3.1 of the Galactic O-Star Catalog (Maíz Apellániz et al. 2013; Sota et al. 2014) that were
not targeted with CHIRON. The V662 Car system (see Section 4.3.2) is highlighted. Gray triangles are additional O-type stars confirmed by Alexander et al.
(2016). The three WNH stars are marked with blue stars, and η Car is indicated by an orange asterisk. The large dashed circles mark the approximate locations
of the major clusters in the region.
tinction across the region and the unusually high ratio of total-
to-selective extinction RV (Herbst 1976; Forte 1978; The et al.
1980a,b; Smith 1987; Tovmassian et al. 1994; Carraro et al. 2004;
Mohr-Smith et al. 2017).
Independent of the many spectrophotometric distance stud-
ies of the region, measurements of the expansion of η Car’s
Homunculus Nebula have placed that star at a firm distance
of 2.3 kpc (Allen & Hillier 1993; Davidson et al. 2001; Smith
2006). As there is strong evidence that η Car is a member
of Tr 16 (Walborn & Liller 1977; Allen 1979) and gas pillars
across the Carina Nebula complex show the influence of Tr
16’s feedback (Smith et al. 2000, 2010b), a general consensus
has arisen that Tr 14, Tr 16, Cr 228, and the rest of the stars
in the Carina Nebula belong to a single massive association
at 2.3 kpc (e.g., Smith & Brooks 2008, although see Hur et al.
2012). Preliminary results from Gaia Data Release 1 (DR1;
Gaia Collaboration et al. 2016a,b; Lindegren et al. 2016), which
includes 43 of the Carina Nebula’s O-type stars, support this in-
terpretation. The inferred parallax-based distances, as computed
by Astraatmadja & Bailer-Jones (2016) using a prior based on the
distribution of stars in the Milky Way, are distributed unimodally
around ∼ 2 kpc (Smith & Stassun 2017).
Even with the spatial link between the Carina Nebula’s com-
ponents now relatively secure, the formation of its distributed mas-
sive population remains somewhat uncertain. The O-type stars cur-
rently seen among the South Pillars may have been born there,
a possible example of an OB association forming through dis-
tributed, hierarchical star formation (e.g., Efremov & Elmegreen
1998; Clark et al. 2005). But no massive protostars have been de-
tected among the forming stellar population in the South Pillars
(Gaczkowski et al. 2013), and Preibisch et al. (2011) argue that the
dense gas clouds in the region are not massive enough to sup-
port further massive-star formation. If the distributed O-type stars
did not form in situ, they may have migrated out from Tr 16 ei-
ther through the classic expansion of a cluster after gas dispersal
(Tutukov 1978; Hills 1980; Lada & Lada 1991, 2003) or as the re-
sult of cluster-cluster interaction (Gieles 2013) between Tr 14 and
Tr 16. Kiminki et al. (2017) did not see any such outward migration
in the local proper motions of bow-shock-associated massive stars
in the South Pillars, but their sample size was limited.
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In this paper, we explore the relationships between the com-
ponents of the Carina Nebula and the origins of its massive-star
populations through a survey of the radial velocities (RVs) of
its O-type and evolved massive stars. These stellar RVs can be
compared to the kinematics of the Carina Nebula’s H ii regions
(e.g., Damiani et al. 2016) and molecular gas (e.g., Rebolledo et al.
2016), allowing a direct assessment of the impact of massive-star
feedback on the interstellar medium. The RVs of massive stars can
be strongly affected by stellar binarity (e.g., Gieles et al. 2010), but
the effects can be constrained with multi-epoch observations.
The paper is organized as follows: In Section 2, we describe
our multi-epoch spectroscopic observing campaign and our RV
measurements, and summarize the additional data compiled from
the literature. In Section 3, we discuss the O-type stars with vari-
able RVs and present orbital solutions for four spectroscopic binary
systems. Section 4 discusses the RV distributions of the various O-
star populations in the Carina Nebula and compares the observed
stellar kinematics to the motions of the region’s molecular and ion-
ized gas. Our conclusions are summarized in Section 5. Projected
distances between sources are given using the η Car distance of 2.3
kpc.
2 OBSERVATIONS AND DATA ANALYSIS
2.1 Target selection
Our list of O-type stars in the Carina Nebula is drawn from version
3.1 of the Galactic O-Star Catalog (GOSC; Maíz Apellániz et al.
2013; Sota et al. 2014). The GOSC v3.1 lists 68 objects, includ-
ing the Of/WNH system WR 25, with right ascensions between
10:40:00 and 10:49:00 and declinations between −60:20:00 and
−59:10:00. An additional four O-type systems in this coordinate
range, originally suspected on the basis of their X-ray emission
(Povich et al. 2011b), were recently spectroscopically confirmed
by Alexander et al. (2016). Adding η Car and the remaining two
WNH stars brings the total number of known systems with O-type
and evolved massive primaries to 75. These 75 systems are shown
in Figure 1.
We selected 31 of these systems for new spectroscopic obser-
vations. In choosing targets, we prioritized stars that had zero or
few prior RV measurements, or whose only existing RV data had
high uncertainties. Most of our target stars are thus outside of Tr
14 and Tr 16, as those clusters have been the targets of multiple
spectroscopic campaigns and binary fraction analyses (Penny et al.
1993; García et al. 1998; Albacete Colombo et al. 2001, 2002;
Morrell et al. 2001; Rauw et al. 2001, 2009; Nazé et al. 2005;
Niemela et al. 2006). We also prioritized sources brighter than
V = 11 mag.
2.2 Spectroscopy
We obtained high-resolution spectra of our 31 target stars with the
CHIRON echelle spectrograph (Tokovinin et al. 2013) on the CTIO
1.5-m telescope operated by the SMARTS Consortium. Observa-
tions were taken in queue operation using the fiber mode config-
uration, which provides a resolution of R ∼25,000 over a wave-
length range of 4100–8900 Å. All 31 stars were observed 2–4
times each in Nov–Dec 2014. Observations of a given star were
spaced 7–14 days apart to minimize the chances of catching a
short-period binary at the same phase, as there is a relative lack
of massive binaries in this period range (Kiminki & Kobulnicky
2012; Kobulnicky et al. 2014). Follow-up observations of eight
stars showing possible RV variations were obtained in Oct 2015–
Jan 2016. Throughout our observing campaign, exposure times
were 60–1800 s, designed to achieve signal-to-noise (S/N) ratios
of 50–70 at 5500 Å. The resulting S/N ratios ranged from 30 to 150
with a median of 77. ThAr calibration spectra were taken before
moving the telescope after observing each star; bias and flat-field
observations were taken at the beginning and end of each night as
part of CHIRON’s standard queue observing protocol.
Data were reduced in IRAF1 using standard procedures, in-
cluding bias subtraction, flat-fielding, cosmic ray correction, and
extraction of 74 echelle orders. Wavelength calibration was per-
formed using the corresponding ThAr spectrum for each star, and
wavelengths were corrected to a heliocentric frame. The wave-
length scale of each order is good to an rms of 0.01 Å (∼0.6 km
s−1 at 5000 Å). Echelle orders were continuum-normalized before
being combined into a single spectrum for each exposure. A repre-
sentative sample of reduced spectra is shown in Figure 2, focusing
on a wavelength region that covers most of the lines used for RV
measurement (see Section 2.3).
2.3 New radial velocities
We adapt the method of Sana et al. (2013) for measuring stellar
RVs, performing Gaussian fits to a set of He lines and fitting all
lines and epochs for a given star simultaneously. The final fit forces
all lines at a given epoch to have the same RV, and assumes that the
width and amplitude of a given spectral line are constant across
epochs. The uncertainties on initial, single-line fits are used to
weight each line in the final overall fit. We use the IDL curve-fitting
package MPFIT (Markwardt 2009).
Like Sana et al. (2013), we fit to the He absorption lines for
two reasons. First, these lines are present across all O subtypes (un-
like most metal lines), allowing us to apply a consistent approach to
our full sample of observed stars. Second, the He lines are relatively
less sensitive to wind effects compared to the hydrogen Balmer se-
ries (Bohannan & Garmany 1978; see also discussion in Sana et al.
2013). Initially, we fit He i λλ4387, 4471, 4713, 4922, 5015, 5876,
6678, 7065 and He ii λλ4541, 4686. The rest wavelengths adopted
for these lines are given in Table 1. After the first round of fits, we
compared the RVs from individual line fits to the RVs from fitting
all lines at once. The triplet blend He i λ4471 was systematically
blueshifted by ∼10 km s−1 relative to the overall results, and the
singlet line He i λ6678 was systematically redshifted by a similar
amount. We therefore removed those two lines and refit all epochs
of the observed stars. We did not see a systematic offset in the RVs
of He ii λ4686, likely because the majority of our targets are mid- to
late-type main-sequence O stars, in which this line is not strongly
affected by winds (Sana et al. 2013). Wind emission in He ii λ4686
is apparent in the spectra of the supergiant HD 93632 (see Figure
2), and we excluded this line in that star’s final fit. On a star-by-star
basis, we also excluded other lines that were affected by emission
from stellar winds or from the surrounding H ii region, as well as
lines that were not present above the noise level of the continuum.
With these exclusions, an average of seven absorption lines were
used to fit the RVs of each star. The measured RVs for each star at
1 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in As-
tronomy (AURA) under a cooperative agreement with the National Science
Foundation.
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Figure 2. Continuum-normalized CHIRON spectra of four O-type stars in our observed sample, illustrating the range of S/N achieved in the wavelength range
4250–5050 Å. Stellar radial velocities were measured using fits to the marked He i and He ii absorption lines and He i λλ5876, 7065, where present without
emission components.
Table 1. Rest wavelengths used to compute radial velocities.
Line Wavelength (Å) Referencea
He i λ4387 4387.9296 NIST
He i λ4471b 4471.4802 NIST
He ii λ4541 4541.591 PvH
He ii λ4686 4685.71 PvH
He i λ4713 4713.1457 NIST
He i λ4922 4921.9313 NIST
He i λ5015 5015.6783 NIST
He i λ5876 5875.621 NIST
He i λ6678b 6678.151 NIST
He i λ7065 7065.190 NIST
aNIST = NIST Atomic Spectra Database (Kramida et al. 2016);
PvH = Peter van Hoof’s Atomic Line List, v2.04
(http://www.pa.uky.edu/~peter/atomic/).
bExcluded from final fits.
each epoch are given in Table 2. The median uncertainty in RV for
the single-lined spectra is 1.2 km s−1.
One of our observed sources, HD 92607, is a double-lined
spectroscopic binary (SB2), first identified by Sexton et al. (2015).
We adapted our RV measurement procedure to fit a double Gaus-
sian at all epochs. This process required several steps: First, we
fit He i λ5876 for the six epochs in which the components were
clearly separated. Then, we fixed the width and amplitude of the
He i λ5876 components and fit to the four epochs with blended
components. These fits gave us initial estimates for the RVs at all
epochs, which we used as the starting point for fits to He i λλ4922,
5015 and He ii λ4686. Again, we fit these lines in the well-separated
epochs first, then fixed widths and amplitudes for fits to the blended
epochs. The final fit was to all four lines at all epochs. Because the
two components of HD 92607 are of similar spectral type, several
iterations of line fitting and orbital analysis (see Section 3.1) were
Table 2. Heliocentric radial velocities measured from CHIRON observa-
tions of O-type stars in the Carina Nebula. Dates are given for the midpoints
of the exposures. This table is available in its entirety as Supplementary
Material to the online version of this article. A portion is shown here for
guidance regarding its form and content.
Name HJD RV1 σ(RV1) RV2 σ(RV2)
−2400000 (km s−1) (km s−1) (km s−1) (km s−1)
ALS 15204 56987.814 -60.0 4.7 ... ...
ALS 15204 56994.850 1.0 2.3 ... ...
ALS 15204 57003.836 43.1 2.0 ... ...
ALS 15206 56992.858 24.5 0.4 ... ...
ALS 15206 57000.851 29.8 0.5 ... ...
ALS 15206 57008.788 34.1 0.3 ... ...
required to confidently identify which line component was asso-
ciated with which star at a given epoch. The median uncertainty
on the RVs of the components of HD 92607 is 7.1 km s−1, and
ranges as high as 30–40 km s−1 in epochs where the lines are highly
blended.
As a check on our wavelength calibration, we obtained CH-
IRON spectra of the RV standard stars HIP 51722 (spectral type
F7–8 V) and HIP 53719 (K1–2 IV), both from the catalog of
Soubiran et al. (2013), in Nov 2014. As the spectra of these stan-
dard stars do not have He i lines, their RVs could not be measured
by the same method used for our science spectra. Instead, we mea-
sured their RVs by cross-correlation with high-resolution stellar
spectra from Coelho (2014), using the IRAF task fxcor. The mea-
sured RVs of both standard stars agree with their expected values
within 0.4 km s−1.
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2.4 Radial velocities from the literature
Where available, we also compiled heliocentric RVs from the lit-
erature for the Carina Nebula’s O-type and evolved massive stars.
The adopted RVs and associated uncertainties for stars not observed
with CHIRON are given in Table 3 along with the corresponding
references. Nearly all of these RVs were measured from various
subsets of He absorption lines, often in conjunction with metal
and/or hydrogen Balmer lines. The exceptions are: η Car, where
the systemic radial velocity was derived from H2 emission from
the Homunculus (Smith 2004); the three WNH stars, discussed fur-
ther below; and the Conti et al. (1979) RVs for the Of supergiant
HD 93129A, where we use RVs from the “Group 1” narrow metal
lines. Where a system is a spectroscopic binary with a published
orbital solution, we give the systemic velocity; for other sources
with observations at multiple epochs, we give the weighted mean
of the available velocities. For visual binaries that are resolvable
at the few-arcsecond level (e.g., HD 93161AB), we use only data
that specify which component was observed. We also note whether
systems were classified as constant-RV or binary in the multiplicity
survey of Chini et al. (2012). Additional notes on the spectroscopic
multiplicity of a system are given in the references column. We
also incorporate literature data for the following CHIRON targets:
ALS 15206 (Huang & Gies 2006), ALS 15207 (García et al. 1998),
HD 93028 (Feast et al. 1957; Conti et al. 1977), HDE 303308
(Conti et al. 1977), HDE 305518 (Huang & Gies 2006), and HDE
305619 (Humphreys 1973). In no case does the inclusion of these
sources’ literature RVs shift their overall weighted mean RV by
more than 1.5 km s−1.
As mentioned above, the three WNH stars are a special
case. Like all Wolf-Rayet stars, these sources have strong stel-
lar winds, with their spectral features formed at various depths
within those winds (e.g., Crowther 2007). Consequently, the ob-
served RVs vary greatly depending on which lines are mea-
sured. Relative to the stars’ systemic velocities, the hydrogen
Balmer and He ii absorption lines of Wolf-Rayet spectra tend to
be highly blueshifted (Moffat 1978; Moffat & Seggewiss 1978;
Conti et al. 1979; Massey & Conti 1981; Rauw et al. 1996), while
their He ii emission lines tend to be highly redshifted (Moffat 1978;
Moffat & Seggewiss 1978; Massey 1980; Niemela & Moffat 1982;
Schweickhardt et al. 1999; Schnurr et al. 2008). In WN and WNH
spectra, certain narrow N iii, N iv, and Si iv emission lines are
thought to be relatively better tracers of the true stellar RVs (e.g.,
Moffat 1978; Moffat & Seggewiss 1978, 1979; Conti et al. 1979).
For the Carina Nebula’s WNH stars, we adopt RVs measured from
N iv λ4058 emission.
However, it is clear that the adopted RVs for the WNH stars
are still affected by winds. Using the spectral features of the O-
type companion to WR 22, Rauw et al. (1996) calculated the true
systemic velocity of the binary to be 21.3 ± 7.0 km s−1, while
Schweickhardt et al. (1999) report ≈ 0 ± 15 km s−1 for the same
source. The N iv λ4058 line in the spectrum of WR 22 is thus
blueshifted by ∼ 25–50 km s−1. In other WN+O binaries, this
line shows relative blueshifts of 0–80 km s−1 (Niemela et al. 1980;
Niemela & Moffat 1982; Collado et al. 2013, 2015; Munoz et al.
2017). Because the exact magnitude of the shift is uncertain and
seems to vary by star, we do not attempt to correct the N iv λ4058
RVs for wind effects, and we consider the three WNH stars as a
separate group in our analysis. Note that although η Car is also an
evolved massive star with a high mass-loss rate, its RV was mea-
sured by a different method (Smith 2004) and it does not suffer
from the same bias.
In compiling literature RVs for Table 3, we found that the RVs
in Levato et al. (1990, 1991a,b) are notably discrepant with later
observations, including our own. These three studies measured RVs
from an unspecified subset of hydrogen Balmer and He absorption
lines for a total of 92 candidate members of Cr 228, Tr 16, and Tr
14, using the spectrograph on the 1-m Yale CTIO telescope (see
Levato et al. 1986). They computed average cluster RVs of −23,
−26, and −29 km s−1 for Cr 228, Tr 16, and Tr 14, respectively. By
contrast, the surveys of Penny et al. (1993) and García et al. (1998)
found +2.8 km s−1 and +6.0 km s−1, respectively, for the average
RV of Tr 14. Penny et al. (1993) also reported very different results
from Levato et al. (1991b), in both RV values and variability, for
individual sources in Tr 14. Across the Carina Nebula, we find that
the Levato et al. (1990, 1991a,b) data are typically 10–60 km s−1
more negative than other literature values for the same stars (see
Table 3) and our CHIRON observations. We therefore exclude all
data from the Levato et al. studies, except for specific binary orbits
as discussed in Section 3.
With the inclusion of the literature data in Table 3, we have
RVs for 63 of the 75 O-type and evolved massive stars in the Ca-
rina Nebula. Four of the twelve stars without RV data are those
that were newly confirmed by Alexander et al. (2016). These four
are relatively highly extincted, with a median AV of 5.7 mag com-
pared to the median AV of 2.2 mag for the rest of the O-type stars in
the region (Gagné et al. 2011; Povich et al. 2011a). Alexander et al.
(2016) postulate that one of these, OBc 3, is a coincidentally
aligned background star. The other eight stars without RV data are
neither systematically more extincted nor systematically fainter at
visual wavelengths than the 63 sources with RV data. Some of
these eight have been observed as part of the OWN RV survey
(Barbá et al. 2010; see Sota et al. 2014; Maíz Apellániz et al. 2016)
but currently lack published RVs.
3 NEW AND UPDATED BINARY ORBITS
Multiplicity is ubiquitous among O-type stars (Garmany et al.
1980; Mason et al. 2009; Chini et al. 2012; Sana et al. 2012, 2013,
2014; Kobulnicky et al. 2014; Moe & Di Stefano 2017) and must
be considered when determining their systemic RVs. For each of
our CHIRON sources, we compute P(χ2, ν), the probability that the
χ2 about the weighted mean would be exceeded by random chance
given ν = Nobs−1 degrees of freedom. Nine of the 31 observed stars
display significant (P(χ2, ν) < 0.01) RV variations with amplitudes
> 20 km s−1 in our CHIRON data. As discussed below, we are
able to find periods and fit orbital solutions to four of these spectro-
scopic binaries. Two additional observed sources meet the criteria
for significant, high-amplitude variations when their literature RVs
are included. One of these sources is HD 93403, a known SB2 with
a full orbital solution in Rauw et al. (2000). Our CHIRON observa-
tions are in good agreement with the orbit of the primary star, and
we adopt the systemic velocity for HD 93403 from the Rauw et al.
(2000) solution.
An additional five CHIRON targets display significant
(P(χ2, ν) < 0.01) but low-amplitude (∆RV < 20 km s−1) RV vari-
ations. These stars include HDE 305619, which was flagged as an
SB1 by Chini et al. (2012) but lacks published RV data. The other
four stars may have undetected long-period companions or may
be showing photospheric variability (e.g., Garmany et al. 1980;
Gies & Bolton 1986; Fullerton et al. 1996; Ritchie et al. 2009;
Martins et al. 2015).
We search for orbital solutions for the stars with significant,
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Table 3. Mean or systemic heliocentric radial velocities adopted from the literature.
Name RV or γ σ(RV) Spectral flag from References
(km s−1) (km s−1) Chini et al. (2012)a
ALS 15229 14.7 3.5 ... García et al. (1998)
CPD-58 2611 4.7 5.0 Cb Penny et al. (1993); García et al. (1998)
CPD-58 2620 -0.6 5.8 SB1 Penny et al. (1993); García et al. (1998)
CPD-59 2591 -2.9 10. ... Huang & Gies (2006)
CPD-59 2624 13.5 10. ... Huang & Gies (2006); SB2 in Alexander et al. (2016)
CPD-59 2626 -22.7 10. ... Huang & Gies (2006)
CPD-59 2627 -15.9 10. ... Huang & Gies (2006)
CPD-59 2629 -8.8 12.8 ... SB1 in Williams et al. (2011)
CPD-59 2635 0. 1. SB2 SB2 solution from Albacete Colombo et al. (2001)
CPD-59 2636 4.0 5.7 SB2 Quadruple system; Albacete Colombo et al. (2002)
CPD-59 2641 -4.5 1.8 SB2 SB2 solution from Rauw et al. (2009)
η Carinae -8.1 1. ... Smith (2004)
HD 93128 5.0 5.3 Cb Penny et al. (1993); García et al. (1998)
HD 93129A -10.1 18.7 Cb Conti et al. (1979); Penny et al. (1993)
HD 93129B 7.1 2.2 ... Penny et al. (1993)
HD 93160 -12.9 17.9 SB1 Thackeray et al. (1973); Conti et al. (1977)
HD 93161A 1.1 3.6 SB2 SB2 data from Nazé et al. (2005)
HD 93161B -25.4 28.4 ... Nazé et al. (2005)
HD 93130 59.9 3.1 SB2 Conti et al. (1977)
HD 93204 8.5 3.8 C Conti et al. (1977)
HD 93205 -2.9 0.9 SB2 SB2 solution from Morrell et al. (2001)
HD 93250 -5.2 7.6 Cb Thackeray et al. (1973); Rauw et al. (2009); Williams et al. (2011)
HD 93343 -2.8 54.4 SB2 SB2 data from Rauw et al. (2009)
HD 93403 -14.2 5.4 SB2 SB2 solution from Rauw et al. (2000)
HD 93843 -9.9 0.4 C Feast et al. (1957); Conti et al. (1977)
QZ Car -8.7 15.5 SB2 Quadruple system; Morrison & Conti (1980); Mayer et al. (2001)
Trumpler 14-9 5.6 3.8 ... Penny et al. (1993); García et al. (1998)
V572 Car -3.4 3.7 SB2 Triple system; Rauw et al. (2001)
V573 Car -5. 4. ... SB2 solution from Solivella & Niemela (1999)
V662 Car -15. 2. ... SB2 solution from Niemela et al. (2006)
WR 22c -27.5 ... ... SB1 solution from Schweickhardt et al. (1999)
WR 24c -34.0 13.3 ... Conti et al. (1979)
WR 25c -34.6 0.5 ... SB1 solution from Gamen et al. (2006)
aC = constant; SB1 = single-lined spectroscopic binary; SB2 = double-lined spectroscopic binary.
bAlthough classified as constant in Chini et al. (2012), these stars meet our criteria for significant RV variability (P(χ2, ν) < 0.01; see Section 3)
and have RV amplitudes > 20 km s−1.
cReported RVs are from N iv λ4058 emission; see discussion in Section 2.4.
Table 4. Orbital and physical parameters of new and updated binary solutions.
Element HD 92607 HD 93576 HDE 303312 HDE 305536
P (d) 3.6993 (0.0001) 1.852102 (0.000002) 9.4111 (fixed) 1.88535 (0.00002)
e 0.00 (fixed) 0.075 (0.009) 0.58 (fixed) 0.129 (0.008)
γ (km s−1) 8.8 (1.6) -8.4 (0.6) 2.3 (0.6) 2.3 (0.2)
ω (◦) 90 (fixed) 201 (9) 192 (2) 56 (3)
Tp (HJD−2400000) 56965.910 (0.009) 57005.94 (0.05) 56980.58 (0.03) 56975.34 (0.02)
K1 (km s−1) 224 (3) 85.0 (0.8) 71 (1) 37.3 (0.3)
K2 (km s−1) 242 (3) ... ... ...
f (M1 , M2) (M⊙) ... 0.117 (0.004) 0.19 (0.01) 0.0099 (0.0004)
M1sin3i (M⊙) 20.2 (0.6) ... ... ...
M2sin3i (M⊙) 18.7 (0.6) ... ... ...
a1sini (R⊙) 16.4 (0.2) 3.10 (0.03) 10.7 (0.2) 1.38 (0.01)
a2sini (R⊙) 17.7 (0.2) ... ... ...
rms1 (km s−1) 19.7 10.9 5.6 2.8
rms2 (km s−1) 23.7 ... ... ...
One-sigma uncertainties for each quantity are listed in parentheses.
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high-amplitude RV variations and Nobs ≥ 7 using the IDL pack-
age rvfit (Iglesias-Marzoa et al. 2015). Spectroscopic binary or-
bits are defined by the following parameters: P (orbital period),
e (eccentricity), γ (systemic velocity), ω (argument of perias-
tron), Tp (epoch of periastron), K1 (primary semi-amplitude), and,
where applicable, K2 (secondary semi-amplitude). rvfit uses an
adaptive simulated annealing method to find the global χ2 min-
imum in the six- or seven-dimensional parameter space. Unlike
some orbital fitting codes, rvfit does not use an initial esti-
mate of the period. In four cases, described in further detail be-
low, rvfit converged on orbital solutions with well-fit phase-
folded velocity curves. Parameter uncertainties were computed
using rvfit’s Markov Chain Monte Carlo (MCMC) algorithm
(Iglesias-Marzoa et al. 2015) with 105 points. TheMCMC provides
the probability distribution of each parameter marginalized over
all other parameters. For our data, these marginalized histograms
are well approximated by Gaussian distributions and we take their
standard deviations as the one-sigma uncertainties on the orbital
parameters.
During our initial analysis of the variable-RV sources, we
computed the frequency power spectrum of each source using A.
W. Fullerton’s IDL implementation of the one-dimensional CLEAN
algorithm (Roberts et al. 1987). We confirm the periods returned
by rvfit by checking against these periodograms, which are pre-
sented in Appendix A.
3.1 HD 92607
HD 92607 was first noted as an SB2 by Sexton et al. (2015), who
classified its components as O8.5 V + O9 V. It is on the far western
side of the Carina Nebula, approximately 25 pc from Tr 14 and 16
(see Figure 1). The lower-mass stellar population in this area, by the
edge of the Carina Nebula’s northern molecular cloud, is relatively
young (< 1 Myr; Kumar et al. 2014). HD 92607 is associated with
an extended arc of 24 µm emission, suggestive of a stellar wind
bow shock, that points to the southeast (Sexton et al. 2015).
We obtained 12 CHIRON spectra of HD 92607 in 2014–2015.
As described in Section 2.3, we adapted our RV-fitting procedure
to fit two Gaussian profiles to He i λλ4922, 5015, 5876 and He ii
λ4686 across all 12 epochs, using fits to the well-separated epochs
to fix the widths and amplitudes of the lines. We used rvfit to fit
an orbit to the primary and secondary RVs simultaneously. We fit a
common apparent systemic velocity to both components.2
The best-fitting period for HD 92607 is 3.6993 ± 0.0001 d.
Figure 3 shows the progression of He i λ5876 over this period.
After our initial orbital fit converged on an eccentricity of zero,
we fixed e = 0 for further fitting, allowing rvfit to treat ω and
Tp (which are ill-defined at very low eccentricities) in a consis-
tent manner (see Iglesias-Marzoa et al. 2015). The final best-fitting
orbital solution is shown in Figure 4, and the orbital parameters
are listed in Table 4. In the best-fitting orbit, the minimum masses
of the primary and secondary stars are M1sin3i = 20.2 ± 0.6 M⊙
and M2sin3i = 18.7 ± 0.6 M⊙, respectively, giving a mass ra-
tio of q = 0.93 ± 0.04. But their spectral types of O8.5 V and
O9 V (Sexton et al. 2015), according to the “observational” scale
of Martins et al. (2005), have somewhat lower expected masses of
M1 = 18.8 M⊙ and M2 = 17.1 M⊙. The apparent discrepancy
2 We used an F-test to compare our single-γ solution to the best-fitting
orbit computed with different γ values for each component. The latter did
not provide a significant improvement in fit (p = 0.27).
Figure 3. He i λ5876 in velocity space and in order of phase for CHIRON
observations of the SB2 HD 92607, for an orbital period of 3.6993 d. The
narrow absorption line on the right is interstellar Na i λ5890.
could be the result of the normal uncertainties on spectral-type clas-
sification; for instance, Gagné et al. (2011) list HD 92607 as an O8
V star, although they do not account for its spectroscopic binarity.
Or perhaps the components of HD 92607 are slightly older, and
hence cooler for their masses, than average main-sequence stars
of their types. In any case, the HD 92607 system is likely close to
edge-on (i ∼ 90◦), as a smaller inclination would imply implausibly
large masses for its component stars.
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Figure 4. Radial velocity curve and orbital solution for the SB2 HD 92607
at the best-fitting orbital period of 3.6993 d. Filled circles and open dia-
monds correspond to the primary and secondary components, respectively.
The dotted line marks the systemic velocity.
3.2 HD 93576
HD 93576 is one of five O-type systems in the open cluster Bochum
(Bo) 11 in Carina’s South Pillars region. Its primary is of type O9–
9.5 IV–V (Sota et al. 2014; Sexton et al. 2015). It is associated with
an extended arc of 8 µm emission, which points away from Bo
11 and has infrared colors indicative of a stellar wind bow shock
(Sexton et al. 2015). Its local proper motion confirms that it is mov-
ing away from Bo 11 at . 15 km s−1; it may have been recently
ejected from the cluster (Kiminki et al. 2017).
Levato et al. (1990) first noted periodic RV variations in the
spectra of HD 93576, and fit an orbital solution with a period of
2.020 d. We obtained 12 CHIRON observations of this system in
2014–2016. We used rvfit to compute orbital solutions both with
and without the Levato et al. (1990) data. With our CHIRON data
alone, we find a period of 1.85201 d; including the Levato et al.
(1990) data constrains the period to 1.852102 ± 0.000002 d. The
final best-fitting parameters given in Table 4 and used to plot the
orbital solution in Figure 5 are from the combined data set. As can
be seen in Figure 5, many but not all of the Levato et al. (1990) RVs
for this system are 10–20 km s−1 blueshifted relative to CHIRON
data at the same phase. Levato et al. (1990) reported a systemic ve-
locity of −21 km s−1 for this system, while our fit to the combined
data set finds a systemic velocity of −8.4 km s−1 and fitting to only
our CHIRON data gives a systemic velocity of −8.2 km s−1.
The orbit of HD 93576 is minimally but significantly non-
circular, with an eccentricity of 0.075 ± 0.009. The resulting mass
function is f (M1, M2) = 0.117 ± 0.004 M⊙. Assuming the primary
star has a mass of 16–18 M⊙, as appropriate for its spectral type
per Martins et al. (2005), the minimum mass of the secondary star
is ∼3.7 M⊙, roughly the mass of a B8 V star (Drilling & Landolt
2000).
3.3 HDE 303312
HDE 303312 is an O9.7 IV star (Sota et al. 2014) located on the
outskirts of Tr 14 (see Figure 1). There are no RVs for this source in
the literature, but it was identified as an eclipsing system by Otero
(2006) based on its V-band light curve from the All Sky Automated
Survey (ASAS; Pojmanski 1997). Otero (2006) report a period of
Figure 5. Radial velocity curve and orbital solution for the SB1 HD 93576
at the best-fitting orbital period of 1.852102 d. Solid circles are mea-
surements from our CHIRON spectra and open squares are data from
Levato et al. (1990). Both data sets were used to compute the orbital so-
lution. The dotted line marks the systemic velocity.
9.4109 d and note that it is an “extremely eccentric” system. We
obtained a total of 12 CHIRON observations of HDE 303312 over
2014–2015, and downloaded the available ASAS V-band magni-
tudes for 2000–2009. In addition to using rvfit on the veloc-
ity data, we use the eclipsing binary modeling programs PHOEBE
(Prša & Zwitter 2005) and NIGHTFALL3 to synthesize and compare
photometric light curves. We find that the ASAS light curve folds
most cleanly at a period of 9.4111 d rather than 9.4109 d. We there-
fore adopt 9.4111 d as the photometric period with an estimated
uncertainty of ±0.0002 d.
Initial, unconstrained runs of rvfit find an RV period be-
tween 9.41 and 9.65 d, with an eccentricity of 0.6–0.7. These re-
sults confirm that the eclipsing and spectroscopic binaries are the
same system, and we subsequently fix the period at 9.4111 d. With
all other orbital parameters left free, the best-fitting solution to the
RV data has e = 0.67 and ω = 188◦. Matching the phase sepa-
ration of the V-band eclipses for e = 0.67 requires ω ≈ 140◦ or
220◦, incompatible with the shape and symmetry of the RV curve.
We do not see any shifts in eclipse timing over the nine years of
ASAS data that would suggest apsidal motion as an explanation
for this discrepancy. We therefore iterate between the the RV curve
and light curve to converge on values of e, ω, and inclination i that
are consistent with the observed data. Our final best fit to the RV
curve, presented in Table 4 and plotted in Figure 6, holds the ec-
centricity fixed at = 0.58 and gives ω = 192 ± 2◦. The inclination
of the system is 80–85◦ .
This best-fitting orbital solution for HDE 303312 gives a mass
function of f (M1, M2) = 0.19 ± 0.01 M⊙. If we take the mass of
the primary star to be 15–18 M⊙, based on its spectral type (see
Martins et al. 2005), the mass of the secondary star is 4–5 M⊙. As-
suming the secondary star is on the main sequence, that mass cor-
responds to a spectral type of B6–7 V (Drilling & Landolt 2000),
which would have an effective temperature of Teff ≈ 13, 000–
14, 000 K (Kenyon & Hartmann 1995). Unfortunately, the noise in
the ASAS data prevents us from putting strong constraints on the
relative luminosities or stellar radii of the components. High-S/N,
3 http://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall
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Figure 6. Radial velocity curve and orbital solution for the eclipsing SB1
HDE 303312. The solid line shows the best-fitting orbital solution to the
RV data with the period and eccentricity fixed at 9.4111 d and 0.58, respec-
tively. The dotted line marks the systemic velocity.
multi-wavelength photometry is needed to confirm the characteris-
tics of the secondary star.
3.4 HDE 305536
The O9.5 V star (Sota et al. 2014) HDE 305536 is located close to
the optical center of the open cluster Cr 228 (e.g., Wu et al. 2009), a
few pc from the WNH star WR 24. Like HD 93576, it is associated
with an extended arc of 8 µm emission indicative of a stellar wind
bow shock, which in this case points in the general direction of Tr
16 (Sexton et al. 2015). HDE 305536 was observed multiple times
by Levato et al. (1990), who detected significant RV variations and
fit a rough orbit with a period of 2.018 d.
We obtained 12 CHIRON spectra of this system over 2014–
2016. The parameters of the best-fitting orbital solution to our data,
which has a period of 1.88535 ± 0.00002 d, are given in Table 4
and the corresponding phase-folded RV curve is shown in Figure
7. rvfit was unable to converge on a solution when the RVs from
Levato et al. (1990) were included; we overplot those data, folded
at our best-fitting CHIRON-based period, for comparison only. Rel-
ative to our CHIRON measurements, the Levato et al. (1990) data
appear offset by 10–30 km s−1 in RV and/or 0.2–0.3 in phase. As
discussed in Section 2.4, many Levato et al. (1990) sources show
unexplained RV offsets relative to later observations. In this case,
the apparent phase shift may also suggest the possibility of orbital
precession.
The orbit of HDE 305536 is slightly eccentric with e =
0.129±0.008. The mass function of the system is f (M1, M2) ≈ 0.01
M⊙. Assuming the mass of the O9.5 V primary star is ∼ 16 M⊙
(Martins et al. 2005), the minimum mass of the secondary star is
∼ 1.4 M⊙, equivalent to a mid F-type dwarf (Drilling & Landolt
2000).
3.5 Additional spectroscopic binaries
In addition to HD 93403 and the four spectroscopic binaries de-
scribed above, six other stars showed significant (P(χ2, ν) < 0.01)
RV variations with amplitudes > 20 km s−1. These variations
Figure 7. Radial velocity curve and orbital solution for the SB1 HDE
305536 at the best-fitting orbital period of 1.88535 d. Solid circles are
measurements from our CHIRON spectra. Open squares are data from
Levato et al. (1990), shown for comparison but not used to fit the orbital
solution. The dotted line marks the systemic velocity.
are larger than typical photospheric variability (e.g., Martins et al.
2015), making these stars probable but unconfirmed spectroscopic
binaries. We briefly discuss each of these sources below.
ALS 15204: There are no literature RV data for this O7.5 V
star (Sota et al. 2014) in Tr 14. We observed it three times with
CHIRON in 2014. In spectra taken 16 days apart, its RV changed
by more than 100 km s−1. Owing to this star’s relative faintness
(V = 10.9 mag; Hur et al. 2012), we did not pursue follow-up ob-
servations in 2015.
ALS 15206: We observed ALS 15206, an O9.2 V star
(Sota et al. 2014) in Tr 14, a total of three times with CHIRON
in Dec 2014. Our observations show variability that is significant
but low-amplitude (∆RV∼ 10 km s−1). However, its single-epoch
RV from Huang & Gies (2006) is ∼ 30 km s−1 blueshifted relative
to our CHIRON numbers, suggesting a higher degree of variability.
ALS 15206 is associated with an extended arc of 8 µm emission,
likely a stellar wind bow shock, that points northwest toward the
center of Tr 14 (Sexton et al. 2015). It has a local proper motion
of . 30 km s−1, directed to the northeast (Kiminki et al. 2017).
As with ALS 15204, we did not pursue follow-up CHIRON ob-
servations because this star is relatively faint at visual magnitudes
(V = 10.7 mag; Hur et al. 2012)
ALS 15207: This O9 V star (Sota et al. 2014) in Tr 14 was
flagged by Levato et al. (1991b) as an SB2; however, García et al.
(1998) observed no line doubling nor any significant RV variations.
We obtained a total of seven CHIRON spectra of ALS 15207 in
2014–2015; like García et al. (1998), we found that its He i and
He ii absorption lines were well fit with single Gaussian profiles.
We measured RVs ranging from −21.5 km s−1 to +15.0 km s−1 but
were unable to constrain the period of the variability.
CPD-59 2554: Although this O9.5 IV star (Sota et al. 2014)
in Cr 228 was observed by Levato et al. (1990) to be a constant-RV
source, our nine CHIRON spectra from 2014–2015 show signifi-
cant variability, with RVs ranging from −22.7 km s−1 to +63.4 km
s−1. We were unable to constrain the period of the variability.
HD 93028: This O9 IV star (Sota et al. 2014) is located about
6 pc southwest of the center of Cr 228. Levato et al. (1990) iden-
tified it as a spectroscopic binary and fit a rough orbit with a pe-
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riod of 51.554 d. We obtained four CHIRON spectra of this source
in 2014, which showed significant RV variations at an amplitude
just above our 20 km s−1 cutoff; a larger amplitude is seen when
data from Feast et al. (1957) and Conti et al. (1977) are included.
Sota et al. (2014) report that HD 93028 is in a long-period (∼ 200
d) spectroscopic binary, but do not provide an orbital solution.
HDE 305525: At about 7 pc southwest of Tr 16, this O5.5
V star (Sota et al. 2014) is part of the distributed population in
the South Pillars. Levato et al. (1990) detected significant RV vari-
ability in its spectra but were unable to find an orbital solution.
Our eight CHIRON spectra from 2014–2015 confirm RV varia-
tions with an amplitude of more than 130 km s−1. Like Levato et al.
(1990), we were unable to constrain the period of the variability.
4 RESULTS AND DISCUSSION
4.1 Distribution of stellar radial velocities
Combining new spectroscopy with literature data, we have com-
piled heliocentric RVs for 59 O-type systems in the Carina Nebula,
as well as for the LBV η Car and the three WNH stars in the region.
We present a histogram of these RVs in Figure 8. The stars are di-
vided into three groups, characterizing the likelihood that the ob-
served RVs represent their true systemic motions. The first group,
shown in light gray in Figure 8, are sources with relatively reli-
able RVs. These are spectroscopic binaries with well-constrained
orbital solutions, for which we plot the computed systemic veloc-
ity, as well as stars with no known RV variability or insignificant or
low-amplitude RV variability, for which we plot the weighted mean
of the observed RVs. In total, this group, which we will henceforth
refer to as the “well-constrained sources,” consists of η Car and
40 O-type stars. The weighted mean RV of the well-constrained
sources is 0.6 km s−1, with a standard deviation of 9.1 km s−1.
The second group of sources, shown in dark gray in Figure 8,
are those that have been identified as spectroscopic binaries but lack
orbital solutions. These include stars that were identified as SB1s
or SB2s in the multiplicity survey of Chini et al. (2012), stars with
binarity flagged elsewhere in the literature, and stars whose CHI-
RON and/or literature RVs display significant variability with am-
plitudes > 20 km s−1. We refer to this group of 19 O-type systems
as the “unsolved binaries.” For each system, we plot the weighted
mean of its measured RVs, but caution that this number may not be
representative of its true systemic velocity, especially for systems
with few published RVs. For instance, the most notable outlier in
Figure 8 is HD 93130, for which there is only a single reliable pub-
lished RV (59.9 km s−1; Conti et al. 1977). However, Chini et al.
(2012) classify this source as an SB2, suggesting that its outlying
single-epoch RV is the result of its binarity rather than its relation-
ship with the Carina Nebula. The overall weighted mean RV of
the well-constrained sources and the unsolved binaries together re-
mains 0.6 km s−1, while the standard deviation of the distribution
increases to 13.5 km s−1.
The third group of sources, shown in black in Figure 8, are
the WNH stars. As discussed in Section 2.4, the N iv λ4058 RVs
adopted for these sources are affected by their strong stellar winds.
All three fall on the negative end of the Carina Nebula’s RV distri-
bution, offset by roughly −30 km s−1 from the mean velocity of the
O-type systems. We cannot rule out the possibility that the WNH
stars are a distinct kinematic group or that one or more of them is
moving at outlying speeds after having been ejected from the re-
gion’s clusters. However, given that the three stars show a similar
RV offset, wind effects are most likely the primary cause.
Figure 8. Histogram of the heliocentric radial velocities of the O-type
and evolved massive stars in the Carina Nebula. Well-constrained sources
(solved spectroscopic binaries and stars with little to no RV variation) are
shown in light gray. Unsolved binaries are shown in dark gray. The three
WNH stars, whose reported RVs are affected by strong stellar winds, are
indicated in black.
The overall RV distribution in Figure 8 is unimodal, consis-
tent with the various clusters and subclusters of the Carina Nebula
being part of a single complex at a common distance. We do not
see any probable runaway stars. Aside from WR 24 and WR 25,
only HD 93130 has an RV that deviates from the region’s mean
by ≥ 30 km s−1, and as described above, HD 93130 is a poorly-
studied spectroscopic binary and its given RV is unlikely to be its
true systemic velocity. However, with RV data, we cannot rule out
the presence of runaways with high tangential velocities. Our re-
gion of study extends ∼ 20 pc in all directions from Tr 16, meaning
a star with a tangential velocity of 30 km s−1 would have exited
our field in ∼ 600, 000 yr. An O-type star ejected by the recent su-
pernova explosion of its companion (see, e.g., Blaauw 1961) might
still appear to be within the coordinates of the Carina Nebula, but
we see no evidence for this in the RV data.
The standard deviation of the RVs of the well-constrained
sources, 9.1 km s−1, is an upper limit on the true one-dimensional
velocity dispersion of the Carina Nebula, as this group of sources
may still contain long-period spectroscopic binaries or other un-
detected RV variables. Typical OB associations like Scorpius-
Centaurus and Perseus OB2 have one-dimensional velocity disper-
sions of 1–3 km s−1 (de Bruijne 1999; Steenbrugge et al. 2003),
but these associations are substantially smaller in mass and
extent—and slightly older—than the Carina Nebula complex (see
Bally 2008; Preibisch & Mamajek 2008). More directly compara-
ble to the Carina Nebula is the Cygnus OB2 association, which
contains > 50 O-type stars distributed across tens of parsecs
(Massey & Thompson 1991; Wright et al. 2015). In both tangen-
tial and radial velocities, the one-dimensional velocity dispersion of
Cyg OB2 is ∼ 10 km s−1 (Kiminki et al. 2007, 2008; Wright et al.
2016), similar to what we have measured for the O-type stars in the
Carina Nebula. This is about a factor of two higher than the veloc-
ity dispersions seen in the massive, compact starburst clusters R136
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(Hénault-Brunet et al. 2012), NGC 3603 (Rochau et al. 2010), and
the Arches Cluster (Clarkson et al. 2012).
4.2 Variations between clusters
In Figure 9, we separate out and compare the RVs of the O-type and
evolved massive stars in Tr 14 and Tr 16. We define membership
in each cluster as being within a projected 5′ of the cluster center.
This is the observed radius of Tr 14’s pre-main-sequence popula-
tion (Ascenso et al. 2007) and a natural break in its O-star distri-
bution. Tr 14 contains six O-type stars with well-constrained RVs
and an additional nine unsolved binaries. Tr 16 is larger and less
well-defined than Tr 14, and is elongated rather than spherical (e.g.,
Feigelson et al. 2011), and so is poorly defined by a single radius.
With a 5′ cutoff, Tr 16 contains 11 sources with well-constrained
RVs (including η Car), and three unsolved binaries. As we describe
below, increasing the radius of Tr 16 slightly increases its veloc-
ity dispersion but has little effect on the weighted mean of its RV
distribution.
The cumulative histograms in Figure 9 suggest that the O-
type stars in Tr 14 might have slightly more positive RVs, on
average, than those in Tr 16. The weighted mean of the well-
constrained sources in Tr 14 is 2.3 ± 7.4 km s−1, in agreement
with the 2.8 ± 4.9 km s−1 measured by Penny et al. (1993) and the
6.0 ± 1.4 km s−1 found by García et al. (1998). In comparison, the
weighted mean of the well-constrained sources within a 5′ radius
of Tr 16 is −3.5 ± 8.6 km s−1. Increasing the radius of Tr 16 to
10′ changes this to −3.3± 10.4 km s−1. To evaluate the significance
of the apparent RV difference between clusters, we ran a two-sided
Kolmogorov-Smirnov (K-S) test, which evaluates the probability
that the two clusters were drawn from the same RV distribution.
We estimated the uncertainty on the K-S probability by drawing
104 combinations of each cluster’s RVs, randomly permuting each
star’s RV within a Gaussian distribution with a standard deviation
corresponding to that star’s observed RV uncertainty. For the well-
constrained sources (the top panel of Figure 9), the probability that
the two clusters come from the same RV distribution is 4+19
−3 %,
meaning the difference in RVs is marginally significant. Including
unsolved binaries (as in the bottom panel of Figure 9) brings the
probability of a shared RV distribution to 16+45
−13%, indicating that
the difference is not significant. Further study of the kinematics of
Tr 14 and Tr 16 are needed to determine if any overall RV differ-
ence persists in their lower-mass stellar populations. Damiani et al.
(2017) found a mean RV of −5 km s−1 for the FGK-type popula-
tions of Tr 14 and Tr 16 combined, with no apparent bimodality in
their RV distribution, but they did not attempt to separate their stars
by cluster.
In Figure 10, we search for any additional cluster-scale or spa-
tial dependencies by mapping our RVs as a function of position.
The circle representing each star is scaled by the magnitude of its
mean/systemic RV and color-coded as redshifted (positive RV) or
blueshifted (negative RV). The left-hand plot includes only those
sources with well-constrained RVs, while the right-hand plot shows
both the well-constrained sources and the unsolved binaries. For
clarity, we mark only the positions and not the RVs of the three
WNH stars.
The apparent velocity difference between Tr 14 and Tr 16 is
visible in Figure 10, in that the former has more red (positive-RV)
sources than the latter. Another notable structure is the grouping of
O-type stars extending from the nominal center of Cr 228 up to-
ward Tr 16. These sources have low-magnitude RVs and appear as
a sequence of relatively small circles. Their weighted mean RV (0.3
Figure 9. Cumulative histograms of the heliocentric radial velocities of O-
type stars in Tr 14 (solid line) and O-type stars and η Car in Tr 16 (dot-dash
line). Both clusters are defined with a radius of 5′. Top: stellar systems with
well-constrained RVs (either solved spectroscopic binaries or sources with
little to no RV variation). Bottom: as above, but including the mean RVs of
unsolved spectroscopic binaries.
km s−1) is similar to that of the region as a whole, but their velocity
dispersion (4.0 km s−1) is comparatively small. This relatively low
velocity dispersion suggests that this string of massive stars formed
in place; we would expect a population that had migrated out from
Tr 16 to have a higher velocity dispersion than the cluster rather
than vice versa.
4.3 Comparison to molecular gas
The molecular cloud complex associated with the Carina Nebula is
composed of three main parts (de Graauw et al. 1981; Brooks et al.
1998; Yonekura et al. 2005; Rebolledo et al. 2016). The North-
ern Cloud partially surrounds Tr 14 and extends to the north-
west (de Graauw et al. 1981; Brooks et al. 2003), where it con-
nects to additional molecular material around the Gum 31 H ii re-
gion (e.g., Rebolledo et al. 2016). The Southern Cloud coincides
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Figure 10. Maps of the heliocentric radial velocities of O-type and evolved massive stars in the Carina Nebula. Left: stars (including η Car) with well-
constrained RVs as defined in the text. Blue circles indicate negative RVs and red circles indicate positive RVs; circle size scales with the magnitude of the
velocity. Right: as left, but including known spectroscopic binaries that lack orbital solutions. The filled black circles and squares show the positions of O-type
stars from v3.1 of the GOSC and from Alexander et al. (2016), respectively, that lack RV data. The positions of the three WNH stars are shown by black filled
stars.
with the optically dark lane between Tr 16 and the South Pillars
(de Graauw et al. 1981). The South Pillars are themselves com-
posed of molecular gas, shaped by feedback from Carina’s OB
stars (Rathborne et al. 2004; Yonekura et al. 2005; Rebolledo et al.
2016). Within Tr 16 there are only scattered molecular globules,
thought to be the remnants of the gas from which that cluster
formed (Cox & Bronfman 1995; Brooks et al. 2000).
Rebolledo et al. (2016) observed the Carina Nebula in 12CO
(1–0) emission as part of the Mopra Southern Galactic Plane CO
Survey (Burton et al. 2013). We use their data to compare the kine-
matics of Carina’s molecular gas to the RVs of its O-type and
evolved massive stars. For Figures 11 and 12, we collapse their
three-dimensional data cubes along Galactic latitude and Galac-
tic longitude, respectively, to present two-dimensional position–
velocity diagrams of the dense gas in Carina. We convert the gas
velocities from the Local Standard of Rest to a heliocentric frame.
At the coordinates of the Carina Nebula, RVhelio ≈ RVLSR + 11.6
km s−1. All RVs in the following discussion are heliocentric unless
otherwise noted.
Figure 11 plots the RVs of the Carina Nebula’s O-type stars,
evolved massive stars, and 12CO (1–0) emission as a function of
Galactic longitude l. The 12CO fluxes from Rebolledo et al. (2016)
are summed across Galactic latitudes −1.4 ≤ b ≤ 0.1◦. As in Figure
8, the stars are divided into three groups: stars (including η Car)
with well-constrained systemic velocities, unsolved binaries, and
WNH stars. We also indicate the approximate heliocentric veloc-
ities of the redshifted and blueshifted components of ionized gas
emission lines observed by Damiani et al. (2016) for shells cen-
tered on the locations of η Car, WR 25, and Tr 14. In Figure 12, we
present the same data, but plotted as a function of Galactic latitude
b. The 12CO fluxes are summed across Galactic longitudes 287.0
≤ l ≤ 288.4◦.
The three components of Carina’s molecular cloud complex
separate cleanly when plotted against Galactic latitude in Figure
11: the Northern Cloud at l ≈ 287.0–287.5◦ with heliocentric RV
≈ (−10)–0 km s−1; the Southern Cloud at l ≈ 287.6–287.8◦ with
heliocentric RV ≈ (−15)–(−10) km s−1; and the South Pillars at
l ≈ 287.9–288.2◦ with heliocentric RV ≈ (−10)–(−5) km s−1 and a
smaller part at ∼ 0 km s−1. The separation is less notable in Fig-
ure 12, as the sourthern part of the Northern Cloud overlaps with
the Southern Cloud in Galactic longitude, but the RV offset in the
Southern Cloud is still apparent. The molecular gas at l ≈ 287.7–
287.8◦ , b ≈ −0.4, with heliocentric RV ∼ +20 km s−1, is thought
to be associated with the far side of the Carina arm, at a greater
distance than the Carina Nebula (Damiani et al. 2016).
Figures 11 and 12 further emphasize that the RVs of the O-
type stars in the Carina Nebula are not spatially dependent, as
there is no trend in O-star RVs with Galactic longitude or latitude.
Rebolledo et al. (2016) applied the four-arm Milky Way model of
Vallée (2014) to the rotation curve of McClure-Griffiths & Dickey
(2007) and calculated the expected RV for objects at various dis-
tances along the tangent of the Carina spiral arm. For sources on
the near side of the arm, at ∼ 2 kpc, the expected Local Standard
of Rest RV is approximately −10 km s−1, which corresponds to a
heliocentric RV of ≈ +2 km s−1, very close to the observed mean
RV of the O-type stars. Objects at greater distances from the Sun
would be expected to have more positive RVs (see Rebolledo et al.
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Figure 11. Position-velocity diagram of 12CO (1–0) emission (gray-scale) from Rebolledo et al. (2016, converted to a heliocentric frame) compared to O-
type and massive evolved stars. Red circles are systems (including η Car) with well-constrained radial velocities, orange squares are known or suspected
spectroscopic binaries that lack orbital solutions, and blue triangles are WNH stars. The hatched cyan regions show the RVs of the approaching and receding
components of emission from ionized gas (Damiani et al. 2016) centered on the positions of η Car, WR 25, and Tr 14.
Figure 12. Similar to Figure 11, but showing the heliocentric radial veloci-
ties of 12CO, ionized gas, and stars as a function of Galatic latitude.
2016). Our RV results thus favor the OB clusters and groups in the
Carina Nebula being at a common distance of approximately 2 kpc.
4.3.1 Tr 14, Tr 15, and the Northern Cloud
There is a general consensus that the relatively compact Tr 14
is the youngest of the Carina Nebula’s Trumpler clusters, at just
1–2 Myr old (Walborn 1973, 1982a,b, 1995; Morrell et al. 1988;
Vazquez et al. 1996; Smith & Brooks 2008; Rochau et al. 2011).
The case for its youth is strengthened by its close spatial associa-
tion with the Northern Cloud, which wraps around the west side of
the cluster (de Graauw et al. 1981; Brooks et al. 2003; Tapia et al.
2003). Bright radio emission arises from multiple ionization fronts
where radiation from Tr 14 impacts dense clumps in the Northern
Cloud (Whiteoak 1994; Brooks et al. 2001). It is clear from Fig-
ures 11 and 12 that the O-type stars in Tr 14 are also kinematically
associated with the Northern Cloud, further strengthening the pic-
ture of Tr 14 as a young cluster that has not yet dispersed its natal
molecular gas.
While Tr 15 has sometimes been considered an unrelated fore-
ground or background cluster (Thé & Vleeming 1971; Walborn
1973), its extended X-ray stellar population indicates a connection
to Tr 14 (Feigelson et al. 2011; Wang et al. 2011). We have RV data
for only two O-type stars around Tr 15, HD 93403 and HD 93190,
which appear at b ∼ −0.35◦ in Figure 12. Their RVs are consistent
with those of the rest of the O-type stars in the Carina Nebula, and
span the RV range of the Northern Cloud. Both are 4–5 pc outside
the core of Tr 15, and neither is associated with any group or sub-
cluster (see Feigelson et al. 2011). Tr 15 is likely several Myr older
than Carina’s other Trumpler clusters (Carraro 2002; Tapia et al.
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2003; Wang et al. 2011), and it seems likely that these two stars
drifted out from Tr 15 over the course of their lifetimes.
Off the southern edge of the Northern Cloud, on the far west
side of the Carina Nebula (see Figure 1), there are several O-type
and evolved massive stars, notably WR 22 and HD 92607. There
is a young (< 1 Myr) pre-main-sequence population in this region,
although it does not show any clustering around the massive stars
(Kumar et al. 2014). WR 22 is a particularly puzzling system: it
is a very massive binary (∼55-M⊙ primary; Schweickhardt et al.
1999) approximately 21′ (15 pc) from Tr 14, without any subcluster
or group of its own. Its N iv λ4058 RV is somewhat less negative
than the RVs of WR 24 and WR 25, but it is unclear whether this
represents a true difference in their systemic motions or whether it
is the result of uncharacterized differences in their stellar winds.
The SB2 HD 92607 (see Section 3.1), evident on the far right
side of Figure 11, is less extreme in mass but still somewhat puz-
zling in origin. Its systemic RV (8.8 km s−1) is relatively positive
for an O-type system in the Carina Nebula, although still within one
standard deviation of the mean. And despite its proximity to the
Northern Cloud, it lacks a kinematic association with the molec-
ular gas—perhaps a hint that it did not form in its currently ob-
served location. HD 92607 is associated with a candidate bow
shock in the form of a resolved 24 µm arc pointing to the south-
east (Sexton et al. 2015), which might suggest an origin outside
the Carina Nebula. However, in the active environment of this gi-
ant H ii region, bow shocks are not clear indicators of stellar mo-
tion (Kiminki et al. 2017). Its spectroscopic parallax (using data
from Martins et al. 2005; Gagné et al. 2011; Povich et al. 2011b)
and the inferred distance from its Gaia DR1 geometric parallax
(Astraatmadja & Bailer-Jones 2016) are both consistent with HD
92607 being part of the Carina Nebula at a distance of around 2
kpc.
4.3.2 Tr 16 and the Southern Cloud
Unlike the Northern Cloud, which has a close kinematic association
with the Tr 14 cluster, the Southern Cloud is offset by 10–15 km s−1
in RV from its neighbor Tr 16. The Southern Cloud has the most
negative RVs of the molecular gas in Carina, being 5–10 km s−1
blueshifted relative to both the Northern Cloud and the molecular
gas in the South Pillars. It coincides with a prominent, optically
dark dust lane, indicating that it lies in front of the southeastern
edge of Tr 16 (Dickel 1974; de Graauw et al. 1981; Brooks et al.
1998). Inside Tr 16 itself, there are only small clumps of molecular
gas (not visible in the Rebolledo et al. 2016 data), and these have
RVs more consistent with those of the O-type stars in the cluster
(Cox & Bronfman 1995; Brooks et al. 2000).
One of the key arguments in favor of Tr 16 being 1–2 Myr
older than Tr 14 (e.g., de Graauw et al. 1981; Walborn 1995) is that
the latter (in addition to being more compact) is still partially en-
closed by its natal molecular cloud, while the former appears to
have disrupted the gas from which it formed. The distribution of
gas RVs in Figure 11 suggests that the Northern Cloud, Southern
Cloud, and Southern Pillars were originally part of a single contin-
uous molecular cloud, with the massive stars in Tr 16 having since
blown out the central part of that cloud. The Northern Cloud, cur-
rently being eroded by Tr 14, has not been accelerated along our
line-of-sight, while the molecular gas in the South Pillars has un-
dergone some acceleration at its closest approach to Tr 16.
The acceleration of the Southern Cloud by the O-type stars in
Tr 16 is readily explained by the rocket effect (Oort & Spitzer 1955;
Bally & Scoville 1980; Bertoldi & McKee 1990). As the neutral
gas facing Tr 16 is ionized by the strong ultraviolet radition of the
cluster (Smith 2006), it flows away from the surface of the molecu-
lar cloud at roughly its sound speed. The recoil force on the molec-
ular cloud causes it to accelerate away from the ionizing source at
a rate proportional to the rate at which it loses mass through ion-
ization. In the simplest scenario, assuming the cloud is initially at
rest relative to the ionizing source, the cloud mass and velocity are
connected through (Spitzer 1978):
Mc = M0e
−vc/Vion , (1)
where M0 and Mc are the initial and current masses of the molecular
cloud, respectively, vc is the current velocity of the cloud, and Vion is
the velocity with which the newly ionized material flows away from
the cloud. For the molecular cloud to have been accelerated to ∼10
km s−1, roughly the speed of sound in ionized gas, the cloud’s mass
must have decreased by ∼60%. The current mass of the Southern
Cloud is ∼ 5 × 104 M⊙ (Rebolledo et al. 2016). Accounting only
for mass loss through ionization, its initial mass would have been
on the order of 1.3 × 105 M⊙, comparable to the current mass of
the Northern Cloud (Yonekura et al. 2005; Rebolledo et al. 2016).
Noteworthy among the O-type stars in Tr 16 is V662 Car at
l = 287.7◦, b = −0.7◦, an eclipsing spectroscopic binary with a
systemic velocity of −15 ± 2 km s−1 (Niemela et al. 2006). V662
Car is the only O-type star to coincide with the Southern Cloud in
three-dimensional position–velocity space, and its relatively high
visual extinction (Smith 1987; Povich et al. 2011a) suggests that
it is behind or within the molecular gas. The primary star’s spec-
trum has unusually strong He ii λ4686 (Niemela et al. 2006), lead-
ing it to be assigned to the luminosity class Vz (Sota et al. 2014),
which is associated with very young O-type stars close to the zero-
age main sequence (Walborn 2009; Sabín-Sanjulián et al. 2014;
Walborn et al. 2014; Arias et al. 2016). Roughly a dozen of the O-
type stars in the Carina Nebula are of class Vz (Sota et al. 2014),
with the highest fraction relative to non-z O dwarfs found in Tr
14 (Arias et al. 2016). In addition, Niemela et al. (2006) found that
both components of V662 Car have smaller radii and luminosities
than expected for their spectral types, another indicator of youth.
The combination of V662 Car’s young age, its deviation from the
mean RV of the O-type stars in Tr 16, and its kinematic associa-
tion with the Southern Cloud suggest that it was formed separately
from and more recently than the body of Tr 16. We propose that its
formation may have been triggered by the feedback-induced accel-
eration of the Southern Cloud.
4.3.3 Cr 228, Bo 11, and the molecular gas in the South Pillars
The relationship between the O-type stars in Bo 11 and Cr 228
and the molecular gas in the South Pillars is difficult to inter-
pret, because the gas detected in 12CO is spatially separate from
the O-type stars. Most of the 12CO (1–0) emission in the South
Pillars comes from the so-called Giant Pillar (Smith et al. 2000;
Yonekura et al. 2005; Smith et al. 2010b), a dusty structure that
points toward Tr 16 from the southernmost part of the region, lying
roughly halfway between Bo 11 and the nominal center of Cr 228.
The Giant Pillar is the site of current star formation (Smith et al.
2010b; Gaczkowski et al. 2013), but is ≥ 4 pc from any O-type
stars. Its gas has heliocentric RVs of (−10)–(−5) km s−1, similar
to the Northern Cloud. Another dusty structure, whose ionization
fronts also face Tr 16, is spatially coincident with Bo 11. Some
12CO (1–0) emission, too faint to appear in Figures 11 and 12, is
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detected in this region (Rebolledo et al. 2016), but it has a helio-
centric RV of & 30 km s−1 and likely belongs to the far side of the
Carina spiral arm.
Most of the O-type stars in Bo 11 have RVs similar to the
rest of the O-type stars in the Carina Nebula and comparable to
the gas in the South Pillars. The exception is HDE 305612, which,
with a measured mean RV of 16.1 km s−1, appears to be a notable
outlier. However, HDE 305612 shows significant RV variation over
three epochs of CHIRON data—but was not flagged as an unsolved
binary because the amplitude of that variation is < 20 km s−1.
The O-star population of Cr 228 also has similar RVs to the
rest of the region; in Figure 11, it is indistinguishable from the
O-star population of Tr 16. None of the many smaller dust pil-
lars around Cr 228 (Smith et al. 2010b) are detected in 12CO (1–
0) emission (Rebolledo et al. 2016), ruling out a direct comparison
between the RVs of stars and gas in this part of the Carina Neb-
ula. As discussed in Section 4.2, the O-type stars in and around Cr
228 have a lower velocity dispersion than the region as a whole,
suggesting that they were not scattered out of Tr 16.
In the far southeast corner of the Carina Nebula, approx-
imately 12.5′ (∼8 pc) from Bo 11, are HD 93843 and HDE
305619. These two stars are clearly visible on the left side of
Figure 11 as the two O-type systems with the highest Galac-
tic longitudes. They are typically treated as members of the Ca-
rina Nebula complex (e.g., Gagné et al. 2011), although there are
no known gas structures or lower-mass stellar populations con-
necting them to the rest of the South Pillars (e.g., Smith et al.
2010b). The spectroscopic parallax of HDE 305619 (using data
from Kharchenko 2001; Martins et al. 2005; Kharchenko & Roeser
2009; Gagné et al. 2011; Sota et al. 2014) suggests that it might be
in the background at a distance of > 3 kpc, but inferred distances
based onGaiaDR1 (Astraatmadja & Bailer-Jones 2016) place both
it and HD 93483 at ∼ 2.4 kpc. Their observed RVs are also consis-
tent with being part of the Carina Nebula complex, although HDE
305619 shows significant low-amplitude variability in our CHI-
RON data and was classified as an SB1 by Chini et al. (2012).
4.4 Comparison to ionized gas
The ionized gas in the Carina Nebula is globally expanding at ±15–
20 km s−1, as seen in radio recombination lines (Gardner et al.
1970; Huchtmeier & Day 1975; Azcarate et al. 1981; Brooks et al.
2001) and optical line emission (Deharveng & Maucherat 1975;
Walborn & Hesser 1975; Walsh 1984; Smith et al. 2004). This ex-
pansion is driven by feedback from Carina’s O-type and evolved
massive stars (Smith & Brooks 2007). It was most recently mapped
by Damiani et al. (2016), who observed more than 650 optical
sightlines across Tr 14 and Tr 16. They identified three non-
spherical expanding shells, roughly centered on the positions of η
Car, WR 25, and Tr 14. We represent these shells in Figures 11
and 12 with hatched regions showing the range of observed ap-
proaching and receding RVs for each shell. Damiani et al. (2016)
estimate that the overall expansion is centered around an RV of
−12.5 km s−1. Their Tr 14 shell is centered around a slightly less
negative −8 km s−1. These values agree with prior results: Walborn
(1973); Walborn et al. (2002b, 2007) place the kinematic center of
the expansion at −14 km s−1, and radio data (Gardner et al. 1970;
Huchtmeier & Day 1975; Azcarate et al. 1981) consistently centers
the expansion at a heliocentric RV of −9 km s−1.
However, the RV distribution of Carina’s O-type and evolved
massive stars is not aligned with the expansion of the ionized gas.
As described in Section 4.1, the weighted mean RV of the well-
constrained O-type stars is 0.6 ± 9.1 km s−1, putting the kinematic
center of the ionized gas expansion roughly one standard devia-
tion blueward of the mean O-star RV. Figures 11 and 12 show that
the receding/redshifted components of the gas overlap in RV space
with the positive-RV tail of the O-star distribution, while the ap-
proaching/blueshifted components of the gas have more negative
RVs than nearly all of the O-type stars. The N iv λ4058 RVs of the
WNH stars, including WR 25, agree with the RVs of the approach-
ing gas, but as previously discussed, this is due to wind effects in
the WNH spectra and not due to a physical association.
The most likely explanation for the kinematic asymmetry be-
tween the gas and the O-type stars is that the receding/redshifted
ionized gas is bounded by dense, neutral material behind the Ca-
rina Nebula, while the approaching/blueshifted ionized gas moves
freely along our line of sight. In addition, the approaching gas
around Tr 16 may be partially composed of a photoevaporative
flow off the Southern Cloud, which has already been accelerated to-
ward us by feedback from Tr 16 (see Section 4.3.2). Damiani et al.
(2016) noted a number of smaller-scale kinematic asymmetries in
the ionized gas shells, confirming that the expansion of the H ii re-
gion is non-spherical and is affected by density variations in the
surrounding medium. We consequently caution against using the
kinematic center of the ionized gas to define the systemic RV of the
Carina Nebula.
5 CONCLUSIONS
We have conducted a radial velocity survey of the O-type and
evolved massive stars in the Carina Nebula. We obtained multi-
epoch echelle spectroscopy for 31 O-type stars, and compiled pub-
lished RVs for an additional 32 systems including three WNH stars
and the LBV η Car. With these data, we find the first spectroscopic
orbital solutions for the near-twin system HD 92607 and the eclips-
ing binary HDE 303312 and provide updated orbital solutions for
HD 93576 and HDE 305536. Our further results are summarized
as follows:
(1) Of the 63 O-type and evolved massive star systems with
RV data, 41 have well-constrained systemic velocities. These well-
constrained sources have a weighted mean RV of 0.6 km s−1, com-
parable to prior results for the Tr 14 cluster and to the expected
radial motion for sources at a distance of ∼ 2 kpc along the Carina
spiral arm.
(2) The standard deviation of the RVs of the well-constrained
sources is 9.1 km s−1 and provides an upper limit to the one-
dimensional velocity dispersion of the region. This value is high
compared to the velocity dispersions of typical, less massive OB
associations and is roughly twice that of massive bound starburst
clusters. However, it is similar to the velocity dispersion of the
large, unbound Cyg OB2 association, and is not unexpected for a
region with the content and substructure of the Carina Nebula.
(3) The overall O-star RV distribution is unimodal, favoring a
common distance to the various clusters of the Carina Nebula.
(4) There is a possible but marginally significant difference
between the RV distributions of the Tr 16 and Tr 14 clusters, with
the latter’s O-star RVs ∼ 5 km s−1 more positive, on average, than
the former’s. Kinematic study of the intermediate-mass populations
in these clusters is needed to confirm the offset.
(5) We do not detect any line-of-sight runaway O-type stars,
nor do we see evidence that the distributed O-type population mi-
grated out from Tr 14 and Tr 16. On the contrary, the O-type stars
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in Cr 228 and the South Pillars have a low velocity dispersion com-
pared to the region as a whole.
(6) The Tr 14 cluster is kinematically associated with the
molecular gas of the Northern Cloud, consistent with its young age.
(7) Feedback from Tr 16 has accelerated the molecular gas
of the Southern Cloud toward us, relative to the stellar population,
by 10–15 km s−1. V662 Car, an O-type star on the outskirts of Tr
16, may belong to a younger generation of stars triggered by this
feedback.
(8) The approaching components of the ionized gas around
Tr 14 and Tr 16 show higher velocities, relative to the O-type stars,
than the receding components. This kinematic asymmetry indicates
that the expansion of the H ii region is not spherical and is likely
impacted by the distribution of dense neutral gas.
Our observations set the stage for the analysis of future Gaia
data releases, which will add further kinematic dimensions to our
understanding of the Carina Nebula. This region continues to be a
laboratory for the study of massive-star formation and the interplay
between stellar feedback and the interstellar medium.
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APPENDIX A: PERIODOGRAMS
Here we present frequency power spectra for the binary systems fit
in Section 3. We use the discrete Fourier transform (DFT) and one-
dimensional CLEAN algorithm4 of Roberts et al. (1987) as imple-
mented in IDL by A. W. Fullerton (see Fullerton et al. 1997). The
DFT is computed up to a maximum frequency of fmax = 1/(2∆tmin),
where ∆tmin is the minimum time interval between observations.
CLEAN deconvolves the window function from the DFT, removing
aliases introduced by uneven time sampling. We run CLEAN for 100
iterations with a gain of 0.5.
The resulting periodograms are used first to check for peri-
odicity and second to corroborate the periods found by the orbital
fitting package rvfit (Iglesias-Marzoa et al. 2015) for HD 92607,
HD 93576, and HDE 305536. rvfit does not require an intial es-
timate of the period, and we leave the period as a free parame-
ter when fitting these three systems. For the eclipsing binary HDE
4 The two-dimensional CLEAN algorithm was first developed by Högbom
(1974).
Figure A1. CLEANed power spectra of the primary (top) and secondary (bot-
tom) RV components of the SB2 HD 92607. The black dashed lines mark
the frequencies f1 and f2 corresponding to the strongest peak in each power
spectrum. The red dot-dash line in both panels indicates the frequency ffit
corresponding to the final best-fitting orbital period from an unconstrained
simultaneous fit to both components with rvfit.
303312, we fix the period in rvfit at the photometric period as
described in Section 3.3.
The periodograms for the primary and secondary components
of HD 92607 (Figure A1) both have clear peaks at frequencies of
≈ 0.276 d −1, corresponding to a period of ∼ 3.6 d. The full, uncon-
strained fit with rvfit (see Section 3.1) finds a period of 3.6993 d.
Visual inspection of phase-folded RV curves rules out most com-
mon possible alias periods. We cannot definitively exclude the
1 + f alias, which is above our maximum searchable frequency
and corresponds to a period of ∼ 0.79 d; however, a sub-day pe-
riod would be extremely unusual for a main-sequence O+O binary
(Kiminki & Kobulnicky 2012; Sana et al. 2012; Moe & Di Stefano
2017; Almeida et al. 2017).
The components of HD 92607 are of very similar spectral type
(O8.5 V + O9 V; Sexton et al. 2015). If we swap the values of RV1
and RV2 at several epochs, the periodograms of both components
show clear peaks at 0.538 d−1, or a period of 1.859 d. With these
component assignments, rvfit finds a plausible solution for a sim-
ilar period of 1.84957 d. This fit requires a substantial eccentricity
(e = 0.35) and an approximate inclination of 45◦.
The periodogram derived from our CHIRON data for HD
93576 (upper panel in Figure A2) shows a single strong peak at
a frequency of 0.543 d−1, or a period of 1.84 d. A similar peak
appears when this system’s data from Levato et al. (1990) are in-
cluded (lower panel of Figure A2). The full, unconstrained fit with
rvfit to the combined data set (see Section 3.2) finds a period of
1.852102 d. Before CLEANing, the DFT for HD 93576 also shows a
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Figure A2. Top: CLEANed power spectrum of our CHIRON RV data for
the SB1 HD 93576. The black dashed line marks the frequency fC corre-
sponding to the strongest peak. Bottom: as above, including RV data from
Levato et al. (1990). The frequency fC+L corresponds to the strongest peak.
The red dot-dash line in both panels indicates the frequency ffit correspond-
ing to the final best-fitting orbital period from an unconstrained fit to the
combined data set with rvfit.
peak at the 1 − f alias of 0.460 d−1, or a period of 2.174 d. We can
force a plausible solution at this period in rvfit if we constrain
the range of allowed periods and fit only to our CHIRON data; the
combined data set including Levato et al. (1990) RVs is incompat-
ible with this period. As this alias peak is removed by the CLEAN
deconvolution, it appears to be an artifact of our observational time
sampling.
The RV periodogram for the eclipsing binary HDE 303312
(Figure A3) has several peaks. The strongest peak is at a fre-
quency of 0.503 d−1 or a period of 1.99 d. This period—which,
as a near-integer multiple of days, is likely a sampling artifact—is
ruled out by visual inspection of the phase-folded RV curve and
by constrained tests in rvfit. The second-highest peak in the pe-
riodogram is at a frequency of 0.114 d−1, or a period of ∼ 8.8 d.
Unconstrained fits in rvfit converge on a period between 9.41 and
9.65 d, close to the photometric period of 9.4111 d (which corre-
sponds to a frequency of 0.10626 d−1). As described in Section 3.3,
we fix the period at the photometric period for subsequent fitting.
The periodogram derived from our CHIRON data for HDE
305536 (top panel of Figure A4) has its highest peak at a frequency
of 0.526 d−1 or a period of 1.90 d. A similar peak frequency is
found when this system’s data from Levato et al. (1990) are in-
cluded (bottom panel of Figure A4). Visual inspection of phase-
folded RV curves and constrained tests in rvfit rule out common
possible aliases. The full, unconstrained fit to our CHIRON data
with rvfit finds an orbital period of 1.88535 d, corresponding to
Figure A3. CLEANed power spectrum of our CHIRON RV data for the
eclipsing SB1 HDE 303312. The black dashed line marks the frequency
f1 corresponding to the strongest peak. The red dot-dash line indicates the
frequency fphot of the ASAS V-band light curve.
Figure A4. Top: CLEANed power spectrum of our CHIRON RV data for the
SB1 HDE 305536. The black dashed line marks the frequency fC corre-
sponding to the strongest peak. Bottom: as above, including RV data from
Levato et al. (1990). The frequency fC+L corresponds to the strongest peak.
The red dot-dash line in both panels indicates the frequency ffit correspond-
ing to the final best-fitting orbital period from an unconstrained fit to our
CHIRON data with rvfit.
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a frequency of 0.53041 d−1. As described in Section 3.4, rvfit
is unable to converge on a solution that includes the Levato et al.
(1990) data.
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